• C was carried out by dosing a 1.3 M sodium borohydride aqueous solution over bicontinuous microemulsions formed with a mixture of sodium bis(2-ethylhexyl) sulfosuccinate (AOT) and sodium dodecylsulfate (SDS) as surfactants, a 0.5 M silver nitrate aqueous solution, and toluene. Weight ratios of 2.5/1 and 3/1 AOT/SDS were used in the precipitation reactions. Silver nanoparticles were characterized by transmission electronic microscopy, X-ray diffraction, and atomic absorption spectroscopy. A mixture of isolated spheroidal nanoparticles (≈15 wt.%) with an average diameter around 10 nm and wormlike structures (≈85 wt.%) with an average length close to 480 nm and an average diameter ca. 40 nm was obtained, regardless of the AOT/SDS ratio. Higher yields were obtained compared with those reported when reverse microemulsions were employed. Formation of wormlike structures was ascribed to one-dimensional aggregation of crystal and particles within the channels of bicontinuous microemulsions, which performed as templates.
Introduction
Reverse microemulsions have been used for several years in precipitation reactions to obtain inorganic nanoparticles of the metals Cu, Pd, Rh, Ir, Au, and Pt and of metal compounds such as Al(OH) 3 , Fe 3 O 4 , TiO 2 , V 2 O 5 , ZnO, and ZrO 2 [1] . In these cases the particles precursors are situated in the aqueous phase of a reverse microemulsion, to which another reverse microemulsion containing the precipitating agent or an aqueous solution of the precipitating agent is added, to produce the inorganic nanoparticles [2] [3] [4] [5] [6] [7] [8] .
Nowadays there is an increasing interest in the preparation and characterization of silver nanoparticles, because of their applications in catalysis [9, 10] , in nonlinear optical technology, as bactericidal agent [11, 12] and in nanosphere lithography [13] . The synthesis of silver nanoparticles with average diameters smaller than 15 nm and narrow size distributions has been reported by precipitation in reverse microemulsions, but the productivity is usually low (≤0.4 g/100 g microemulsion) [3-5, 7, 8, 14, 15] . To increase the productivity of silver nanoparticles, Sosa et al. [16] used high water-content reverse microemulsions. Lim et al. [17] used bicontinuous microemulsions for obtaining zinc oxide nanoparticles; however, their productivity was not so high (0.7 g nanoparticles/100 g microemulsion) and the particles were relatively large (>150 nm in average diameter). Also, our group have employed bicontinuous microemulsions with larger water-to-oil ratios than those in reverse microemulsions, to obtain very small nanoparticles of magnetitemaghemite [18, 19] , zinc oxide [20, 21] , and silver [22] with diameters smaller than 10 nm and productivities higher than 1 g nanoparticles/100 g microemulsion, which is significantly larger than those obtained when reverse microemulsions were utilized. Recently, Kowlgi et al. [23] obtained platinum nanoparticles with average diameters from 1.8 to 18 nm in bicontinuous microemulsions, depending on the concentration of the platinum precursor aqueous solution.
In the only report, as far as we know, on precipitation of silver nanoparticles in bicontinuous microemulsions, Reyes et al. [22] used microemulsions stabilized with a mixture of AOT/SDS (2/1, w/w) containing 0.5 M silver nitrate (AgNO 3 ) aqueous solution, and toluene to obtain a mixture of isolated spheroidal and wormlike nanoparticles. The proportion of the latter decreased as the concentration of the precipitating agent (sodium borohydride) in the aqueous solution added to the microemulsion diminished.
As a continuation of the work of Reyes et al. [22] , we report here the preparation of silver nanoparticles in bicontinuous microemulsions stabilized with different AOT/SDS weight ratios and their effect on the morphology and size. Nanoparticles were characterized by transmission electron microscopy (TEM), X-ray diffraction, and atomic absorption spectroscopy.
Materials and Methods

2.1.
Materials. SDS and AOT were 98% pure from SigmaAldrich. AgNO 3 (98.2% pure from Merck) and toluene (99% pure from Golden Bell) were used as received. De-ionized and triple-distilled water with conductivity smaller than 6 μS/cm was used.
Phase Diagram and Electrical Conductivity Determination.
The one-phase microemulsion region at the reaction temperature (70
• C) was determined by titrating solutions of AOT/SDS (2.5/1 and 3/1 by weight) in toluene at different surfactant/toluene ratios (in the range of 5 to 65 w/w) with a 0.5 M AgNO 3 aqueous solution under continuous agitation. The phase boundaries were detected as those compositions where samples became turbid. Samples were also examined with cross-polarizers to rule out liquid crystalline phases that might form. Phase boundaries were checked by preparing samples by weight with compositions above and below the titration-determined phase boundaries in sealed glass vials.
To determine the compositions where bicontinuous microemulsion formed, conductivities of samples along lines A, B, and C, which corresponds to 50/50, 55/45, and 60/40 surfactant mixture-to-toluene weight ratio (Figure 1 ), were analyzed with a 3173R JENCO conductivity meter at 70
• C. To prepare silver nanoparticles two compositions in the bicontinuous microemulsion region were used. In both cases, the concentrations of 0.5 M AgNO 3 aqueous solution, surfactants mixture, and toluene (35, 39, and 25 wt.%, resp.) were the same and only the AOT/SDS weight ratio was modified (2.5/1 and 3/1).
Silver Particles Precipitation.
The precipitation reaction was carried out in duplicate at 70
• C in a 250 mL jacketed glass reactor equipped with a reflux condenser and an inlet for the sodium borohydride aqueous solution feeding. The procedure for the precipitation reaction started by loading the reactor with the microemulsion (100 g) and raising the temperature to 70
• C. Then, a 1.3 M sodium borohydride aqueous solution was dosed at a rate of 0.1 g/min for 150 minutes. At these conditions, the molar ratio sodium borohydride/silver nitrate was 10% higher than the stoichiometric ratio. After completing the sodium borohydride addition, the reaction was allowed to proceed for 30 more minutes and then acetone was added to precipitate the solids, which were allowed to settle for 24 hours. The precipitate was washed at least ten times with a water-acetone solution (81/19, w/w) and then dried in an oven at 60
• C for 24 hours.
Characterization.
The resulting product, a fine powder, was characterized in a Siemens D-5000 X-ray diffractometer (XRD). Particle size was determined by TEM in a JEOL JEM-1010; for this, the resulting powder was dispersed in acetone with an ultrasonicator, and then a drop of the dispersion was deposited on a copper grid, where the solvent was allowed to evaporate. The purity of the final product was determined in a Varian Spectra250 AA atomic absorption spectrometer.
Results and Discussion
To delimit the region where one-phase microemulsions formed, pseudoternary phase diagrams were obtained. The systems were prepared with a mixture of AOT/SDS at two different weight ratios, toluene, and 0.5 M AgNO 3 aqueous solution. Figure 1 shows the pseudoternary phase diagrams for the systems containing mixtures of AOT/SDS with weight ratios of 2.5/1 and 3/1. A slightly larger microemulsion region was obtained when the AOT/SDS ratio of 3/1 was used in the formulation. The microemulsion Journal of Nanomaterials 3 regions obtained with both AOT/SDS ratios extend to the central part of the diagram, which suggests the existence of bicontinuous microemulsions. However, the microemulsion regions do not extend to the water-rich zone of the diagram as it was detected when AOT/SDS (2/1 w/w) mixture was employed [22] , which indicates the absence of normal (oilin-water) microemulsions. This can be explained since AOT tends to form inverse micelles and (w/o) microemulsions whereas SDS tends to form normal micelles and (o/w) microemulsions [24] . Because it is desirable to obtain the largest possible amount of silver nanoparticles, three ratios of surfactants/toluene mixture (50/50, 55/45, and 60/40 w/w), which allows higher concentrations of aqueous solution inside the microemulsion region, were selected. To find the bicontinuous microemulsion region, the content of the 0.5 M aqueous AgNO 3 solution was increased while maintaining the ratio of surfactant/toluene constant (lines A, B, and C, in Figure 1 ) and their electrical conductivities were measured.
Figures 2 and 3 depict the electrical conductivity for the AOT/SDS weight ratios of 2.5/1 and 3/1, respectively, as a function of the amount of the AgNO 3 aqueous solution for the three selected surfactants/toluene weight ratios (50/50, 55/45, and 60/40). For the two chosen AOT/SDS weight ratios (2.5/1 and 3/1), the conductivities along the microemulsion region were very low in the cases of 50/50 and 55/45 surfactants/toluene ratios. When the 60/40 surfactants/toluene weight ratio was used and the AOT/SDS weight ratio was 3/1, the microemulsion conductivity started to rise when the AgNO 3 aqueous solution concentration was around 22.5 wt.%, reaching a maximum of 1900 μS/cm at around 40 wt.%, followed by a conductivity drop. For the microemulsions prepared with the 2.5/1 AOT/SDS weight ratio, the electrical conductivity started to increase at about 20 wt.% AgNO 3 aqueous solution; then the conductivity increased steeply and reached a maximum (4400 μS/cm) at a concentration of about 38 wt.%. In this case a drop in electrical conductivity could not be detected because the conductivity was not measured at aqueous AgNO 3 solution concentrations higher than 40 wt.%, because at this aqueous solution concentration, microemulsions do not form. According to the percolation theory, bicontinuous microemulsions show a high conductivity as a result of having continuous (or connected) aqueous phase domains [25] [26] [27] [28] . In contrast, reverse microemulsions are very poor electrical conductors because of their discontinuous microstructure [25] [26] [27] [28] . From the results obtained here, it follows that bicontinuous microemulsions form at a surfactants/toluene ratio of 60/40 (w/w) and AOT/SDS weight ratios of 2.5/1 and 3/1. When the former ratio is used, bicontinuous microemulsions develop in the range from 25-30 to 40 wt.% AgNO 3 aqueous solution; in the latter case, the span of the bicontinuous microemulsion region ranges from 27.5-30 to 45 wt.% AgNO 3 aqueous solution.
Precipitation reactions were carried out in bicontinuous microemulsions containing 35 wt.% 0.5 M AgNO 3 aqueous solution and AOT/SDS weight ratios of 2.5/1 and 3/1. The appearance of the precursor microemulsions was yellowishtranslucent but then they turned black with the addition of the NaBH 4 aqueous solution. At the end of the reaction, the product (a grayish-black powder) was recovered, obtaining productivities of ca. 1.5 g Ag/100 g microemulsionprecipitating agent mixture and yields higher than 85% (Table 1) as determined by atomic absorption spectroscopy. When only the bicontinuous microemulsion is considered, the productivity is 1.7 g Ag/100 g microemulsion. This productivity is larger than the largest one calculated from the data in those reports that employed reverse microemulsions (0.4 g of Ag/100 g microemulsion) [4] . Figure 4 shows the X-ray diffraction pattern (XRDP) of the Ag nanoparticles obtained from microemulsions 4 Journal of Nanomaterials made with the AOT/SDS weight ratios of 2.5 and 3/1 and the Ag-standard XRDP (JCPDS card file number 893722). The XRDPs of the Ag nanoparticles show the major four characteristic signals of silver crystal (at 38.14, 44.32, 64.60, and 77.44 2θ • ), which corresponds to the face-centered cubic phase of pure silver nanoparticles.
An estimation of the average crystal size of the particles obtained in the precipitation reactions was made with the data from their XRDPs (Figure 4 ) and the well-known Scherrer equation:
where d is the mean diameter of grain in nm, K is the dimensional factor (0.9), λ is the X-ray wavelength (0.154 nm), β is the line broadening at half the maximum intensity in radians, and θ is the Bragg's angle. Values of d of 17.85 ± 1.13 and 13.60 ± 1.90 nm for the precipitations carried out using the AOT/SDS ratios of 2.5/1 and 3/1, respectively, were obtained. According to this, the later AOT/SDS ratio limits to some extent crystal growth, probably because the higher content of AOT leads to a decrease in the diameter of the channels in the microemulsion, reducing the number of the Ag atoms in the vicinity of the nuclei. diameters obtained measuring over 500 particles. Most of the particles were isolated spheroids; however, a few wormlike particles were also observed ( Figure 6 ). These histograms indicate that there are two particle populations: one including particles with diameters ≤ 16 nm, which was determined by measuring only the isolated spheroidal nanoparticles, and another one that includes larger particles (from 17 to 80 nm in diameter), which are forming the wormlike structures. Furthermore, the length of the worms was measured. Table 2 shows the average dimensions of the isolated spheroidal nanoparticles and of the wormlike nanoparticles as well as the number and weight fraction of the latter in the final product mixture. For the weight fraction calculation reported in Table 2 , the isolated spheroidal nanoparticles were taken as perfect spheres, while wormlike nanoparticles were considered as cylinders. Then, the particles volume was calculated, and with the measured number proportion of spheroid and wormlike nanoparticles (Table 2 ) and the silver density, the weight fraction of each type of structure was estimated. Table 2 discloses that the isolated spheroidal nanoparticles have diameters of ca. 10 nm, whereas the wormlike structures show average lengths of around 480 nm and average diameters close to 40 nm. Although the number of larger particles is small (<3%), they represent 84 to 87 wt.%. Furthermore, data from Table 2 indicate that there is not statistical effect of the AOT/SDS ratio studied in this work on the morphology and size. However, there is a great difference between these results and those obtained in our previous work [22] , where practically only isolated spheroidal nanoparticles with 3 nm in average diameter were obtained. In that work also a low concentration of NaBH 4 aqueous solution was used, but microemulsions were stabilized with a lower AOT/SDS weight ratio (2/1). An explanation of the differences between the results reported here and those of Reyes et al. [22] would arise from the increase in the proportion of AOT molecules in the surfactant layer, which diminished the protector effect of this layer during the inter-channel collisions, leading to a an increase in the fusion-fission rate during Ag particle formation and, consequently, on the nanoparticles coalescence, giving more wormlike nanostructures.
A comparison of the nanostructures dimensions determined by TEM with those calculated from X-ray data indicates that the average diameter of the isolated spheroidal nanoparticles (≈10 nm) is smaller than the average crystal diameters (17.9 and 13.6 nm for AOT/SDS weight ratio, 2.5/1 and 3/1, resp.). This suggests that each nanoparticle in the population of isolated spheroidal structures is formed of a single crystal. In contrast, the wormlike nanoparticles, the dimensions of which are much higher than the average crystal diameter, are formed by aggregation of crystals. This aggregation arises from the fact that crystals and particles within the channels of bicontinuous microemulsions are not protected with a surfactant layer, as they are in the case of precipitation in reverse microemulsions. This condition favors the crystal and particle aggregation as a consequence of collisions between these structures. Moreover, because microemulsions channels act as templates, one-dimensional aggregation would be expected, forming the wormlike structures.
Conclusions
Silver nanoparticles with two particle size populations were obtained by precipitation in bicontinuous microemulsions. The productivity of silver nanoparticles obtained by this method was around 1.5 g silver nanoparticles/100 g microemulsion-precipitating agent mixture, which is higher than those reported with reverse microemulsions. The structures forming the smaller particles population were isolated spheroids with an average diameter of 10 nm, which represents around 15% of the total weight of the nanoparticles. The larger particles composing the other population were wormlike structures with an average length of 480 nm and average diameter of 40 nm and although they are only 3% of the total number of particles, they represent around 85% of the total weight of the obtained Ag nanostructures.
No statistical effect of AOT/SDS ratio on morphology and particle size was identified. Formation of wormlike structures was ascribed to a one-dimensional aggregation of crystals and particles within the microemulsion channels, which would arise from these nanostructures acting as templates.
